How to extract the weak photoacoustic signals from the collected signals with high noise is the key to photoacoustic signal processing. We have developed a modified filtered backprojection algorithm based on combination wavelet for high antinoise photoacoustic tomography. A Q-switched-Nd: yttrium-aluminum-garnet laser operating at 532 nm is used as light source. The laser has a pulse width of 7 ns and a repetition frequency of 20 Hz. A needle polyvinylidene fluoride hydrophone with diameter of 1 mm is used to capture photoacoustic signals. The modified algorithm is successfully applied to imaging vascular network of a chick embryo chorioallantoic membrane in situ and brain structure of a rat brain in vivo, respectively. In the reconstructed images, almost all of the capillary vessels and the vascular ramifications of the chick embryo chorioallantoic membrane are accurately resolved, and the detailed brain structures of the rat brain organization are clearly identified with the skull and scalp intact. The experimental results demonstrate that the modified algorithm has much higher antinoise capacity, and can greatly improve the reconstruction image quality. The spatial resolution of the reconstructed images can reach 204 m. The modified filtered backprojection algorithm based on the combination wavelet has the potential in the practical high-noise signal processing for deeply penetrating photoacoustic tomography.
I. INTRODUCTION
Photoacoustic tomography ͑PAT͒ combines the advantages of both pure optical imaging and pure ultrasound imaging, which can provide high ultrasonic resolution and high optical contrast tissue images. [1] [2] [3] [4] [5] The basic idea of PAT is that a tissue is irradiated with nanosecond laser pulses, the deposited energy may result in a thermo-elastic expansion and subsequent contraction of the irradiated volume that generates time-trace photoacoustic waves, which can be detected by high sensitive transducers around the tissue. The strength and the profile of the captured photoacoustic signals carry the spatial information of the light absorption distribution of the tissue, which is often related to its character of structure, physiological and pathological changes, because tissues in different physiology conditions have different light absorption coefficients. 6, 7 For example, the absorption contrast between breast tumors and normal breast tissues can be as high as 500% at the near infrared; 8 the absorption contrast between the blood and the surrounding medium is around 1000% for 850 nm light. 9 In order to extract the weak photoacoustic signals, a focused transducer with big aperture may give us a good signal-to-noise ratio ͑SNR͒, because the SNR is proportional to the square root of the aperture area, and then the measured data are used to construct an image directly. However, the focal diameter and length of the transducer limit the lateral resolution and the image view, respectively. 10 An alternative method is to use an unfocused transducer with small aperture to detect photoacoustic signal and then reconstruct the absorption distribution based on a special algorithm. The different measurement configuration may result in a different reconstruction algorithm. Examples of approximate reconstruction methods include the multi-element phase-controlled technique, 11 the deconvolution algorithm, 12 the weighted delay-and-sum method, 13 the optimal statistical approach, 14 and the Radon transform in far-field approximation. 15 Exact reconstruction algorithms are recently derived for various detection geometries. [16] [17] [18] [19] Filtered backprojection ͑FBP͒ method based on rotation scanning configuration is a classical algorithm to reconstruct the cross-sectional image. The quality of reconstructed image is mainly determined by choosing different filters, such as Ramachandran and Lakshminarayanan ͑RL͒, Shepp and Logan ͑SL͒, Modi-SL and Kwoh-Reed, etc. Virtually, Gibbs phenomena appearing in the filter's response may bring a mass of image blurring. Moreover, the noise suppression of the classical FBP algorithm is unsatisfied. With an increased detecting depth, the background white noise of photoacoustic signals increases rapidly and changes into strong nonwhite noise after backprojection, leading to a serious deterioration of imaging quality, which drastically restricts the applicable depth of PAT in the medical field to a great extent. Therefore, it has great practical significance to find a new filter method with better filtering precision and noise suppression.
In recent years, wavelet transform combining the best features of time and frequency methods ͑e.g., Fourier transform methods͒ is rapidly becoming a new approach for antinoise signal processing 20, 21 and biomedical image reconstruction. [22] [23] [24] In this paper, we develop a modified FBP ͑mFBP͒ algorithm based on combination wavelet for highnoise PAT. The results indicate that the wavelet-based mFBP algorithm effectively improves the resolution and contrast of reconstruction images on the condition of strong background noise, which can potentially be developed as a high antinoise photoacoustic reconstruction technique to diagnose deeply embedded tumors.
II. MATERIALS AND METHODS

A. Imaging system
A schematic experimental setup for PAT is shown in Fig.  1 , where a laboratory coordinate system ͓X, Y, Z͔ is also depicted. A Q-switched Nd: yttrium-aluminum-garnet laser is employed as the pumping source operates at 532 nm with pulse width of 7 ns and repetition frequency of 20 Hz. The laser beam is expanded by a concave lens and homogenized by a ground glass and then onto the sample from above along the Z axis. The incident laser energy density on the sample surface is controlled below ϳ20 mJ/ cm 2 , which is the maximum permissible exposure for skin to a laser beam at a wavelength of 532 nm. The distribution of optical absorption of the test sample generated proportionate photoacoustic waves, which are coupled into a needle polyvinylidene fluoride hydrophone ͑Precision Acoustics Ltd.͒ with a diameter of 1 mm and a sensitivity of 950 nv/ pa. The signals accepted from the hydrophone are subsequently amplified by a preamplifier, then recorded by a digital oscilloscope ͑TDS3032, Tektronix͒, and finally transferred to a personal computer for further data processing using MATLAB ͑ver 7.0, Mathworks͒. The hydrophone is driven by a step motor to scan around the sample along a 96-mm-diam circle in the X-Y plane. The sample and hydrophone are both immersed in a tank of water for coupling the photoacoustic waves to the hydrophone. The induced photoacoustic waves are captured every1.8°, and total 200 positions are recorded for a full view of 2 circular scanning angle. The sampling rate of the oscilloscope in our experiment is 250 MS/ s. The experimental setup has some improvement compared with our previous system published in PMB paper ͑2004͒. 12 For example, changing to rotate the transducer for animal sample and capturing signals on more positions. In the experiments, a temperature controller is used to keep the body temperature of the intravital sample through thermal transmittance of the coupling medium, and the speed of sound is kept relatively constant at 1500 m / s.
B. Imaging principle
Wavelet analysis is breaking up of a signal into shifted and scaled versions of the original wavelet. Suppose that an analytic wavelet function ⌿͑t͒ is subject to the conditions as follows:
where L 1 ͑R͒ and L 2 ͑R͒ denote two function spaces which can be absolute integrable and square integrable, respectively; ⌿ ͑͒ is the Fourier transform of the wavelet function ⌿͑t͒, and ⌿ ͑͒ = 0 when Ͻ 0. Consider an arbitrary function f͑t͒ L 2 ͑R , dt͒, whose wavelet transform of the original wavelet function ⌿͑t͒ is defined as
͑3͒
Then the following theorem can be deduced:
under the admissible condition,
where ⌿ ͑t͒ is the conjugate function of ⌿͑t͒; ⌿ R ͑͒ is the real part of ⌿ ͑͒; H͓f͑b͔͒ is the Hilbert transform of f͑t͒. Because of the finite bandwidth of an ultrasound transducer, the projections of optical absorption distribution can be reconstructed using the FBP algorithm,
where the W͑͒ filter is the key to the reconstructed photoacoustic image quality. Theoretically, the reconstructed algorithm based on inverse Radon transform needs the W͑͒ filter to be equal to ͉͉, which is an ideal Hilbert filter gene with an infinite bandwidth. However, according to PaleyWiener theorem, it cannot be realized in practice. Moreover, the classical filter may bring strong Gibbs phenomena and has a bad antinoise capacity, so the quality of reconstructed image is dissatisfied. The induced photoacoustic pressures P r ͑t͒ can be obtained directly by deconvolving the recorded photoacoustic signal P d0 ͑t͒ originating from a point absorption source with the fast inverse Fourier transform,
so we can rewrite Eq. ͑6͒ as
Then, according to the theorem in Eq. ͑4͒, finally we get
where
⌿Ј͑t͒ is the differential of the wavelet function ⌿͑t͒ and "*" denotes convolution. From the upward formulas, it can be seen that the convolution operation of projected data can be substituted by wavelet transform. A frequency spectrum of the photoacoustic signal has a major section from a few megahertz to tens of megahertz, for example, blood vessel sizes of about 100-300 m are most sensitive to the transducer with a central frequency between 4.5 and 10 MHz. 2 However, a single wavelet transform is impracticable to execute signal band processing, so a combination of multiple wavelets ͑combination wavelet͒ is used to realize wide bandpass processing. We choose a modified Morlet wavelet as the mother wavelet, and then the combination wavelet can be obtained as follows:
g͑t͒ is the combination wavelet; ⌿ m ͑t͒ is the mother wavelet; f m is the central frequency of ⌿ m ͑t͒; f L is the lower limiting frequency of g͑t͒; ⌬f is the spacing of the central frequency of the combined wavelets, so the upper limiting frequency of
The correction term can be ignored
2 is great enough. 25 Although the laserinduced ultrasonic waves range widely in the frequency spectrum, a single ultrasonic transducer can only respond to part of the spectrum because of its limited bandwidth. The extreme values of f L and f H are determined by the bandwidth of the ultrasound transducer. The higher frequency spectral range provided better image resolution while the lower frequency spectral range delineated the major structural traits. Therefore, choosing the value of f L and f H should weigh imaging resolution and sensitivity. The value of ⌬f affects the frequency spectral superposition effect of combined wavelets, and the suitable value of ͑the Gauss parameter of mother wavelet͒ makes the form of the chosen wavelet basis functions similar to the PAT signal. In this paper, the main parameters have the following appropriate properties:
To decompose the measured data with wavelet method, the energy distribution of the true signal can be concentrated within space Swb on the condition that the form of the chosen wavelet basis function is similar to the true signal. So the others outside of the space Swb could be seen as the primarily noise data, whose coefficients will be relatively small compared to that of the true signal. Comparable noise reduction could be accomplished by reconstructing the image through standard methods, decomposing the image into a complete set of wavelet basis functions, and then zeroing out all components of the image that are outside of the space Swb spanned by a restricted set of wavelets, which has a good character of wide bandpass filter to extract the interested information. The wavelet coefficients are kept or zeroed according to a number of thresholds, which are defined by the so-called SURE thresholding technique. It follows that noise could be reduced, without greatly reducing the signal, by restricting the processed data to the space Swb. If the noise or the interference wave appears in some frequency or time slice of the space Swb, adding some preprocessing to the frequency or time slice could reduce the image distortion in terms of suppression noise.
C. Imaging experiment
The diagnosis of early breast tumor is one of the potential application fields for PAT. The absorption coefficient between tumor tissue and normal breast tissue can be as high as 500% at the near infrared range, which is due to an increased concentration of blood and other proteins within rapidly growing tumor angiogenesis. A cylindrical turbid phantom made of a mixture ͑waterϭ500 ml, gelatineϭ105 g, and low fat milkϭ100 ml͒ is used to simulate the optical and acoustic properties of the human breast. An annular carborubber with an outer diameter of 5.8 mm and an inner diameter of 3.1 mm is used to simulate a breast tumor with high optical absorption and fine structure. The annular carborubber is embedded in the cylindrical breast phantom at a depth of 5 mm.
Experimental studies on animal models play essential roles in the development of preventive, diagnostic and therapeutic procedures for diseases in a wide spectrum of fields including PAT. Here, we apply PAT to noninvasively monitor in situ the developing blood vessels of chick embryo chorioallantoic membrane ͑CAM͒, which is used extensively as a model system for studying development, 26 cancer behavior, 27 angiogenesis, 28 and photodynamic therapy. 29 A sample of 12-day period CAM, which is covered with polyvinyl chloride film to insulate from water, was obtained from the Institute of Animal Science Affiliated to Guangdong Academy of Agricultural Sciences.
To further explore the feasibility of deeply penetrating PAT with the modified algorithm for biological imaging, we test that on a rat brain ͑ϳ300 g͒ with the skull and scalp intact in vivo. The thicknesses of the scalp and skull covering the brain are about 0.6 and 0.8 mm. Before the experiment, the rat is anesthetized by intraperitoneal injection of pentobarbital sodium ͑50 mg/ kg animal weight͒, and the hair on the head of the rat is removed gently with depilatory lotion.
D. Image analysis method
Two sets of the data processing procedure by waveletbased mFBP and FBP reconstructed algorithm are comparably analyzed in the simulated experiment. The original signal including the useful photoacoustic signal as well as strong noise data is given, and the corresponding results of signal process after filter and backprojection are analyzed, respectively. The system spatial resolution is calculated in the biological experiment on the condition that the true object has a Gaussian shape. In order to quantitatively evaluate the medical image quality of the filter results, a desired region of interest ͑DROI͒ and an undesired region of interest ͑UROI͒ are chosen from the reconstruction images, which are marked with a broken line and a real line, respectively. Two quantitative evaluation indicators of mean-to-standarddeviation ratio ͑MSR͒ and contrast-to-noise ratio ͑CNR͒ are adopted, and are calculated as
Where S d is the gray-scale mean of the DROI, D d is the standard deviation of the DROI, S u is the gray-scale mean of the UROI, and D u is the standard deviation of the UROI. 30, 31 The filter index of MSR shows the antinoise capability of the reconstructed algorithm, and the indicator of CNR shows the capability of improving the image contrast in the process of suppressing noise. Figure 2͑a͒ shows a typical photoacoustic signal which is custom added white noise with maximal amplitude of 120 MV. For comparison, the photoacoustic signals after being processed, respectively, by Hilbert filter gene with a cutoff frequency of 15 MHz and combination wavelet are shown as Figs. 2͑b͒ and 2͑c͒. It can be seen that the SNR of the signal based on combination wavelet improves N w Ϸ 10 times compared with that of the original signal, and increases more than 14 dB compared with that of the Hilbert filter gene, correspondingly. The N w is the rate of the amplitude ratio of signal to noise in Fig. 2͑a͒ and that in Fig. 2͑c͒ . After backprojection, Figs. 2͑d͒ and 2͑e͒ show two typical reconstructed profile curves cutting across the central of the annular carborubber with different filter method. From the results we can see that the curve with combination wavelet is smoother, and the contrast of the peak value between the signal and background noise is sharper. A better image SNR is also obtained of the annular carborubber, whose extra-and intra-annulus are perfectly reconstructed as shown in Fig.  3͑a͒ .
III. RESULTS
The photoacoustic reconstruction image of the CAM in situ is shown in Fig. 4͑b͒ , which is in excellent agreement with the photograph of Fig. 4͑a͒ . In particular, the relative location and sizes of those blood vessels with various diameters are clearly resolved and perfectly match the original ones. Figure 5͑a͒ shows a one-dimensional reconstructed profile including three blood vessels at position x = 9.8 mm of the image Fig. 4͑c͒ . Figure 5͑b͒ gives the enlarged profile of a blood vessel ͑diameter ϳ220 m͒ marked in Fig. 5͑a͒ with spline interpolation, where the full width at half maximum value of the peak is measured at 300 m. Generally an approximate estimate of the observed size would be the square root of the sum of the squares of the true object size and the spatial resolution, i.e., 300 2 = 220 2 + r 2 , where r is the resolution. Therefore, we claim that the system spatial resolution has been improved to 204 m. Figure 6͑a͒ shows the open-skull photograph acquired after the PAT experiment, and for comparison Fig. 6͑b͒ gives a PAT image of the cortical surface of the rat brain reconstructed by standard FBP algorithm with RL filter to that reconstructed by wavelet-based mFBP algorithm. In Fig.  6͑b͒ , the major structural traits in the rat brain are blurred, and the detailed structure is covered by the noise. The image SNR of Fig. 6͑c͒ is good, and the blood vessels in the upper cerebral cortex are accurately resolved. Other detailed brain structures of the rat brain, such as the middle cerebral artery, fissura transversa cerebri and cerebellum are clearly identified in the corresponding reconstructed PAT image.
It can be seen that the wavelet-based mFBP reconstruction algorithm effectively improves the image quality compared with the FBP algorithm with RL filter, and the corresponding values of MSR and CNR are higher. In the simulating experiment, the FBP algorithm with Hilbert filter has a better capability of high-frequency recovery, because it can theoretically recover all the details with an infinite frequency bandwidth. But its capability of suppression noise is worse, and the Gibbs phenomena appearing in the filter's response may become serious. In the following biological experiments, the modified algorithm with combination wavelet obtains better image SNR and contrast, compared with that by the FBP algorithm with RL filter. Of course, with the increased detecting depth, the image quality of biological tissue would decrease because of the SNR deterioration.
IV. DISCUSSION
After a careful observation of the image, it can be found that the quality of CAM reconstructed image decreases resulting from blurring, which is caused by the following possible reasons: The tomography plane of the CAM has some drapes because of the PVC film, which may bring heterogeneous light absorption, especially on the verge of big blood vessels; The finite surface area of the detector, which has a diameter of 1 mm in this experiment, may cause blurring of the image perpendicular to the radial detection. 3 In vivo experiment, the image contrast is reduced because of the following possible reasons: ͑i͒ light attenuation further reduces the absorbed optical energy density below the cortex after the optical absorption and diffusion of the skull and scalp, ͑ii͒ the background parenchyma has an optical absorption coefficient of 0.56 cm −1 , ͑iii͒ the photoacoustic wave has a large attenuation and reflectibility when it travels through the parenchyma, especially through the scalp and skull.
In order to provide better resolution versus noise, the nonlinear processing to coefficients is important to keep more high-frequency details and to obtain lower noise, because the frequency spectrum of the photoacoustic signal has a broad section from several hundreds hertz to tens of megahertz. Using wavelet thresholding technique, except for SURE approach, other threshold estimation methods may bring better filtering effect, such as minimax, CV, GCV, FDR, Bayesian approach. If considering the statistical characters of signal and noise in terms of processing coefficients, lower noise could be obtained and more high frequency could be recovered at the same time, which has been applied in medical ultrasound images. 32 Moreover, according to multiplebandwidth photoacoustic theory, 1 the higher value of f L and f H could obtain better image resolution, while the major structural traits may be blurred. The smaller value of ⌬f could realize better frequency spectral superposition effect to suppress noise, but the computational time of the reconstructed algorithm may be longer. Those potential improvements of the mFBP algorithm to provide better resolution versus noise are our immediate future work. The photoacoustic SNR, which is one of the most important parameters in deeply penetrating PAT, decreases exponentially with depth with a decay constant of a few millimeters. 33 The system noise mainly resulting from external disturbance of the acquisition and rotation scanning system could be decreased by electromagnetic shielding, such as electromagnetic induction resulting from laser and motor loop. But the stochastic noise could not be removed by system improvement. At present, the general method to reduce stochastic noise is multiple average signals in the procession of signal acquisition, which will prolong the data acquisition time. 4, 34 The relative long time of signal acquisition hampers the practical application of photoacoustic technique, especially for in vivo diagnosis. In our experiments, the time of signal acquisition can be reduced by approximately 60% at the cost of increasing compute complexity for the reconstructed algorithm. The computational time to reconstruct the two-dimensional image is about 26 h using a PC with a 1.7 GHz Pentium 4 Processor. The reconstruction speed can be drastically improved with advanced computers.
In practice, in order to improve the SNR of the reconstructed image, there are several feasible methods except for a high antinoise reconstruction algorithm. First, the diagnostic window ͑650-900 nm͒ has a low absorption coefficient and a relatively low scattering coefficient in biological tissues and can, consequently, provide deep penetration for PAT imaging. For example, the laser with wavelength of 760 and 850 nm has different characteristics of absorbing two different states of the oxyhemoglobin ͑O 2 Hb͒ and deoxyhemoglobin ͑HHb͒. The relative metabolic changes of O 2 Hb, HHb and the total of them, the blood volume within the measured regions, can be detected for brain functional imaging. 35 Second, the photoacoustic signal strength can be enhanced by using a matched optical contrast agent. Indocyanine green, in combination with near-infrared techniques, is widely applied in angiography, 36 tumor detection, 37 and blood vessels imaging. 33 Nanoshell or nanoparticle, as a new contrastenhancing agent, have been applied in PAT to increase optical absorption. 37, 38 Third, the mechanical scanning can be replaced by electronic scanning ͑e.g., multi-element transducer array͒ to reduce the external disturbance and unreliability, which provides a near-practicality method for clinic diagnosis. 5, 11, [39] [40] [41] [42] [43] 
V. CONCLUSION
This work presents an effective and efficient antinoise technique for high antinoise PAT, which is a relatively new multimodality ͑photo and acoustic͒ imaging technique. The wavelet-based mFBP algorithm shows a high capability of suppressing noise with satisfactory experiment results. A good image SNR is obtained in the simulated sample of annular carborubber, whose extra-and intra-annulus are perfectly reconstructed. Blood vessels with various diameters on the CAM in situ are clearly identified with a high ultrasonic resolution. Detailed tissue structures in the rat brain are also accurately mapped with less dispersion through the skull and scalp intact in vivo. It can be seen that the wavelet-based mFBP algorithm can provide a high-quality reconstruction image under the condition of comparable noise suppression. In the future, PAT has the potential to develop for structural and functional in vivo imaging of the human brain. Albeit significantly more difficult ͑e.g., strong background noise͒, is also possible with high antinoise reconstruction algorithm, near-infrared lasers, contrast-enhancing agent, multi-element transducer array, etc.
